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Hysteresis-free pentacene field-effect transistors and inverters containing poly"4-vinyl phenol-co-methyl methacrylate… gate dielectrics
The influence of hydroxyl groups on the hysteresis of pentacene field-effect transistors ͑FETs͒ and metal-insulator-semiconductor diodes containing poly͑4-vinyl phenol͒ and poly͑4-vinyl phenol-co-methyl methacrylate͒ ͑PVP-PMMA͒ gate dielectrics was investigated. The electrical characteristics and Fourier transform infrared spectroscopy measurements show that hysteresis is intimately related to the presence of free O u H groups in the polymer gate dielectrics. The methyl methacryl moieties in PVP-PMMA minimize residual water in the polymer and form hydrogen bonds with the hydroxyl groups, thus reducing the number of free O u H species. Therefore, pentacene FETs and inverters using PVP-PMMA gate dielectrics exhibit high, hysteresis-free performances. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2924772͔
Organic field-effect transistors ͑OFETs͒ have received considerable attention in recent years. Intensive studies have made it possible to achieve device performances comparable to those of amorphous silicon transistors.
1,2 Polymer gate dielectrics are the most suitable candidates to be used in OFETs because of their easy processability from solution and their compatibility with plastic substrates. Among the polymer gate dielectrics reported to date, poly͑4-vinyl phenol͒ ͑PVP͒ has been the most frequently employed because of its higher device performance relative to other conventional polymers.
2-5 However, the severe hysteresis that appears during OFET operation when PVP is used as the gate dielectric has become an important drawback that limits the utility of organic integrated circuits. 6, 7 Particularly, hydroxyl groups in the polymer gate dielectrics may easily attract water and mobile ions, thus causing slow polarization which, in turn, results in hysteresis during device operation. Hence, there have been many attempts to reduce the concentration of hydroxyl groups in the polymer gate dielectrics by cross-linking them with curing agents, both thermally 8, 9 and photochemically. 10 Here, we used poly͑4-vinyl phenol-co-methyl methacrylate͒ ͑PVP-PMMA͒ as a gate dielectric to fabricate hysteresis-free pentacene FETs and inverters and investigate the hysteresis mechanism in the devices based on polymer gate dielectrics containing hydroxyl groups. Since the methyl methacryl moiety in PMMA is less polar than the phenol moiety in PVP, 11 the insertion of methyl methacryl groups into the PVP polymer backbone prevents water adsorption at the polymer surface and diffusion into the polymer gate dielectric. In this letter, we compare the behaviors of pentacene FETs containing PVP and PVP-PMMA gate dielectrics and examine how the hydroxyl and methacryl groups in the polymer influence the hysteresis and device performances. We also fabricated an inverter, which was based on two p-type pentacene FETs containing PVP-PMMA gate dielectrics, and studied its hysteresis and inverter performance.
PVP and PVP-PMMA were purchased from Aldrich ͓their chemical structures are schematically shown in Figs. 1͑a͒ and 1͑b͔͒. PVP contains only a phenol moiety, whereas PVP-PMMA consists of both phenol and methyl methacryl moieties at a molar ratio of 6:4. N , N-dimethyl formamide ͑Aldrich͒ was used as a solvent. The gate electrode was made of titanium ͑Ti of 40 nm thick͒ and defined on a glass substrate through a shadow mask by means of e-beam evaporation. After spin coating of the polymer solutions, the polymer films were baked on a hot plate ͑at 100°C for 15 min and 150°C for 1 h͒ to remove the residual solvent. The PVP and PVP-PMMA polymer gate dielectrics exhibited very smooth surfaces with root-mean-square roughnesses ͑Rq͒ of 3.7 and 4.2 Å, respectively, which are obtained by means of atomic force microscopy ͑AFM͒ ͓Digital Instruments Multimode SPM, tapping mode; see Figs. 1͑c͒ and 1͑d͔͒. The thickness of the PVP and PVP-PMMA films measured by using a surface profiler ͑Alpha-step® 500, KLA Tencor͒ was of about 370 nm. Pentacene active layers ͑50 nm thick, Aldrich, without purification͒, which are patterned through a shadow mask, were deposited onto both dielectrics at a rate of 0.1-0. sition. The pentacene films deposited on both gate dielectrics exhibit similar grain sizes and layer-by-layer structures ͑see Figs. 1͑e͒ and 1͑f͒͒. The source/drain electrodes were finally defined on the pentacene films by thermally evaporating gold through a shadow mask. The channel length ͑L͒ and width ͑W͒ were 50 and 2000 m, respectively. The electrical characteristics of the FETs were measured under ambient conditions ͑i.e., room temperature and 40% relative humidity͒ by using Keithley 2400 and 236 source/measure units, with a step voltage of 0.68 V, a sweep delay of 0 s, and a hold time of 0 s. The capacitance and inverter measurements were also carried out under ambient conditions using 4284A and E5270A instruments ͑Agilent Technology͒, respectively. Table I . Although the PVP-based FET exhibited a higher than the PVP-PMMA-based one, its subthreshold swing ͑SS͒ was about four times larger and its off current ͑at a V G of 0 V͒ about four orders of magnitude higher than those of the PVP-PMMA-based device. One reason for the inferior SS value and the higher off current of the PVP-based transistor could be the uptake of water molecules by the hydroxyl groups in the PVP gate dielectric, which causes slow polarization. 10, 11 In particular, the PVP-based FET exhibited considerable hysteresis, according to the full V G swing, whereas the hysteresis of the PVP-PMMA-based device was diminished, except for the off regime ͑i.e., the V G range between 0 and 15 V͒. Moreover, in the capacitance-voltage ͑C-V͒ curves of Ti/PVP, PVP-PMMA/pentacene/Au metal-insulator-semiconductor ͑MIS͒ diodes, the hysteresis showed a similar behavior as that observed in the I D -V G transfer plots of these FETs ͑see the inset of Fig. 2͒ . It is interesting to note that both the transistor and the MIS diode containing PVP gate dielectrics exhibit the same hysteresis loop direction, that is, clockwise ͓see the direction arrows in Fig. 2͑a͒ and its inset͔. This loop direction has frequently been observed for devices composed of thick polymer or oxide dielectrics that contain polar molecules ͑such as polar functional groups and water͒ and mobile ions, which cause slow polarization. 12, 13 When V G is swept from off to on, polar molecules and mobile ions in the gate dielectrics can be polarized and drifted toward the interface near the semiconductor layer and/or the gate electrode according to the direction of the gate electric field applied. However, if the polarized molecules and drifted mobile ions do not respond fast enough to the changes in the gate electric field because of slow polarization, they may remain polarized without being able to return to their original sites during the on-to-off V G sweep. As a result, the on-to-off transfer curve is shifted to positive V G values relative to the off-to-on curve.
Although PVP-PMMA polymer films have a large number of hydroxyl groups, the FETs based on such films exhibit superior SS values and very low off currents. Moreover, in contrast to the PVP-based devices, the PVP-PMMA-based transistors are characterized by hysteresis-free operation. Hence, to clarify this contradiction, we investigated the polarity of the polymer films by means of C-V measurements and the formation of hydrogen bonds by using the Fourier transform infrared spectroscopy ͑FTIR͒ ͑Nicoret 6700, Thermo Elec. Co.͒. Figure 3͑a͒ shows the frequencydependent dielectric constants for PVP and PVP-PMMA polymer films sandwiched between Au dots and Ti deposited on a glass substrate. The dielectric constant of the PVP-PMMA film ͑4.1-2.5 at 20-10 6 Hz͒ was lower than that of the PVP film ͑5.3-3.6 at 20-10 6 Hz͒ within the whole studied range, which indicates that PVP-PMMA has a lower polarity than PVP, thus impeding strong interactions with polar molecules ͑such as water͒ and mobile ions. In Fig. 3͑b͒ 14 such groups may easily respond to the applied electric field and attract charge carriers, such as electrons and mobile ions, which might be responsible for slow polarization. On the other hand, in the case of PVP-PMMA ͑red line͒, a single O u H stretching band is observed at 3420 cm −1 ; this band is due to hydrogenbond formation between the O u H group in the phenol moiety and the C v O group in the methacryl moiety ͑O u H¯O v C͒. 15 This result is supported by the appearance of C v O stretching bands at 1735 and 1710 cm −1 , with the former signal being originated by the presence of neat methyl methacryl moieties and the latter signal by the formation of hydrogen bonds between the carbonyl and hydroxyl groups. 15 Therefore, the disappearance of the free O u H species as a result of the formation of hydrogen bonds between the carbonyl and hydroxyl groups and the less-polar nature of the methyl methacryl moiety minimized slow polarization of the PVP-PMMA-based FETs. Consequently, these devices showed a hysteresis-free operation and an improved performance, lower SS, and off current relative to the PVP-based ones.
To inspect the possibility of using PVP-PMMA as a gate dielectric in organic integrated circuits, we also fabricated a pentacene inverter composed of two p-type pentacene FETs. The drive load logic was employed as a frame of the inverter structure ͑the circuit diagram is shown in the inset of Fig. 4͒ . As in the case of the FET and the MIS diode, the inverter did not exhibit hysteresis, which is designated as the input voltage ͑V in ͒ difference at the half output voltage ͑V out ͒ of full swing ͑see Fig. 4͒ . Moreover, the inverter gain, which is defined as the absolute maximum value of ͑‫ץ‬V out / ‫ץ‬V in ͒, was 14.7. In summary, we have demonstrated the hysteresis mechanism of pentacene devices based on polymer gate dielectrics containing hydroxyl groups and the possibility of using PVP-PMMA as a gate dielectric to achieve hysteresisfree FET and inverter operation. 
